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1
METHOD AND APPARATUS FOR THREE
DIMENSIONAL
WAVENUMBER-FREQUENCY ANALYSIS

STATEMENT OF GOVERNMENT INTEREST

This invention was made with Government support under
Contract No. N00024-03-C-5115 awarded by the Depart-
ment of the Navy. The Government has certain rights in this
invention.

FIELD OF THE INVENTION

The present invention relates to wavenumber-frequency
analysis. Particularly, the present invention relates to wave-
number-frequency analysis in three dimensions.

BACKGROUND

Systems for receiving and analyzing sound signals, for
example, undersea sonar systems, utilize multiple transduc-
ers in a variety of configurations to receive and process
sound signals from the environment. Detected sounds may
indicate the presence of a friendly or enemy vessel. Sound
signatures associated with each type of sound may be used
to correlate the detected sound and aid in identifying its
source. In addition to the sound signals associated with a
particular target, other sound sources emit signals that may
be received by the transducers. For example, the sound of
water flowing past the sonar array, or vibrations from
structural elements within the array, may generate sound
waves that are also detectable by the sonar array. These
sound signals are referred to as self-noise. Self-noise inter-
feres with the straightforward identification of target sounds
and therefore should be identified and removed from the
overall signals received.

The presence of self noise may compromise the ability to
effectively detect remote targets. Structural and flow self-
noise often travel at sub-sonic speeds (i.e. less than the speed
of sound in water). One aspect of wavenumber-frequency
(kw) analysis allows for the separation of sub-sonic noise
sources from sonic noise sources. Sub-sonic noise sources
may be identified by their propagation characteristics or a
known acoustic signature. Accurate identification of the
self-noise sources allows for compensation or remediation
of the noise, enabling better identification of target sounds.

One and two dimensional wavenumber-frequency analy-
sis provides limited information on self-noise sound sources.
One-dimensional ko analysis is utilized for linear sonar
arrays, for example, a towed linear array or a segment of a
curved array using a linear approximation. However, one-
dimensional km analysis only accounts for the k, component
of k and the frequency. Thus the k, and k, components
remain unaccounted for. The lack of these k components
result in ambiguities with respect to the direction of arrival
of a detected self-noise sound source. Similarly, in two-
dimensional ko analysis, only the k, and k, components of
k are accounted for. Thus, ambiguities with respect to the k_
component of k are extant.

Alternative techniques for identifying self-noise and
resolving problems associated with the identification of self
noise within an overall received signal containing informa-
tion associated with a target of interest, is desirable.

SUMMARY

A sensor array configured to receive wave data in three
dimensions comprises a plurality of sensors for receiving
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wave data. Each sensor may be referenced by the sensor’s
coordinate position on the array, represented by a position
vector. A time based Fourier transform is performed on data
samples from each sensor. A spatial Fourier transform then
computes spatial wavenumber-frequency spectra as a func-
tion of the received wave data in three dimensions to account
for the wavenumber’s orthogonal components, k,, k,, and k,
associated with the x, y and z orthogonal axes, respectively.

A sonar array for providing three dimensional sensor data
comprises a plurality of sensors disposed on a surface of the
three dimensional sonar array, the surface defining a geo-
metric surface area; a processor configured to: receive data
from each of the plurality of sensors; compute a position
vector for each of the plurality of sensors based on a
coordinate position of each sensor in three dimensions with
respect to the geometric surface area; compute a time
Fourier transform on time samples received from each
sensor; compute a spatial Fourier transform based in part on
the calculated position vectors; and output the results of the
spatial Fourier transform.

A method of computing wavenumber-frequency spectra
comprises accounting for the wavenumber’s X, y and z
orthogonal axis directional components. A position vector is
computed based on a sensor’s position relative to the sensor
array. A time based Fourier transform is performed on data
samples from each sensor, and a spatial Fourier transform is
performed on the data samples accounting for a position
vector for each sensor. Explicit inclusion of k_, where the
z-axis is along the axis of the sensor array enables direction
of arrival of incoming waves to be determined in all three
spatial dimensions, and provides enhanced and unambigu-
ous target localization and source signature characterization.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an illustration of a cylindrical sensor array;

FIG. 2 is an illustration of a three dimensional cylindrical
sensor array receiving a directional sound signal;

FIG. 3 is a flow diagram for performing a wavenumber-
frequency analysis in three dimensions according to an
embodiment of the present invention;

FIG. 4 is an illustration of an output of a three-dimension
wavenumber frequency analysis according to an embodi-
ment of the present invention.

FIG. 5 is a block diagram of an architecture for carrying
out the processing according to an embodiment of the
present invention.

DETAILED DESCRIPTION

Sensor arrays have been developed to enhance reception
of signals directed toward the array. For example, in sonar
systems used on ships, an array of sensors, each sensor
comprising a transducer containing at least one hydrophone,
are arranged in a manner which enhances the array’s ability
to detect sound in the water. Sensors in a sonar array may be
arranged in a number of different configurations. For
example, sensors may be arranged in a linear or rectangular
(planar) configuration. Alternatively, sensors may be dis-
posed along the surface of a circular array, often with the
direction of receiving beams from the sensors radiating out
from the circles’ center and outward from the sensors. This
allows for detection of target sounds in the plane containing
the circular array. In addition to linear and circular arrays,
cylindrical array geometries are also used. A cylindrical
array may be formed by vertically stacking a series of
circular arrays on top of one another. The sensors of each
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ring may be aligned in the vertical direction to form a
cylindrical array having rows and columns of sensors across
the cylindrical surface of the array.

Referring now to FIG. 1, there is shown an example of a
cylindrical array 100 comprised of a plurality of sensors 101.
Sensors 101 are arranged as a group of circular array 103
components. In this example, the cylindrical array 100 is
comprised of eight circular array 103 components. Within
each circular array 103 component there exists a plurality of
sensors 101. By way of example, each circular array 103
component may be comprised of 72 sensors 101. It is
understood that other configurations and numbers of sensors
101 are contemplated by one skilled in the art and would fall
within the scope of the present invention.

Each sensor 101 of the cylindrical array 100 receives
signals in the form of wave energy transmitted in the
medium in which the cylindrical array 100 is located. For
example, for array 100 configured as a sonar array, sound
wave energy transmitted through the water is sensed by the
sensors 101 in the array 100. Certain sound waves detected
by the sensors 101 may be associated with a potential target,
such as an enemy ship or submarine. However, in addition
to sound waves emanating from such target sources, other
sound wave energy may be detected by sensors 101. For
example, sound wave energy relating to the sound of water
flowing past the array 100 may be detected by some or all
of the sensors 101. Other sound energy, such as vibrating
energy associated with a structural component of the array
100, may be detected by the one or more sensors 101. These
non-target sound sources are called self-noise. In order to
accurately identify target sounds, self-noise must be
detected, identified and accounted for.

Wavenumber-frequency (kw) analysis is one technique
utilized to compensate for self-noise. The wavenumber (k)
of'a sound wave is defined as the number of wavelengths per
unit distance, or the spatial frequency of the wave. Fre-
quency represents the number of wavelengths per unit time,
or the temporal frequency of the wave. By analyzing the
wavenumber and the frequency of a received wave signal,
the speed of propagation may also be determined. In a linear
implementation performing kw using the cylindrical array
100, a subset of sensors 101 may be chosen from which to
take samples. In one example, the subset of sensors 101 are
arranged in a vertical linear configuration 105 along the axis
of the cylindrical array 100. One sensor from each circular
array 103 component is selected such that the eight selected
sensors 101 are arranged in a vertical linear configuration
105. In another embodiment, a subset of adjacent sensors
101 contained in the same circular array 103 component
may be considered to form a horizontal linear configuration
107 (which may also be treated as a linear array). Although
the sensors 101 in the horizontal linear configuration 107 are
disposed along an arc segment of circular array 103 com-
ponent, using a small number of sensors 101 approximates
a linear array. By implementing one-dimensional wavenum-
ber-frequency analysis on the data received by the linear
array, sounds may be identified relating to a linear beam of
reception defined by the line of the sensors 101 of interest.
However when using the one-dimensional approach, the
distance and direction cannot be determined due to ambi-
guities inherent in the one-dimensional kw analysis.

A circular version of the kw analysis in two-dimensions
has been developed which provides a spatial transform of
received signals in the k, and k, components of the wave-
number vector. However, a two-dimensional analysis does
not provide a vertical component of the wavenumber and
thus continues to introduce ambiguities. For example, if one
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considers the cylindrical array 100, two-dimensional circu-
lar array kw analysis requires certain assumptions be made.
For example, one of the circular array 103 components may
be considered to be representative of all other circular array
103 components. Alternatively, each of the sensors in each
of the vertical linear configurations 105 may be summed to
create a virtual single circular array 103 that is an average of
all of the circular array 103 components.

FIG. 2 shows a sound source 201 arriving at cylindrical
array 100. The sound source 201 arrives at one or more
sensors 101, only one of which is shown in FIG. 2 for
simplicity. The path of the wave generated by sound source
201 arrives in three-dimensional space at sensor 101 with a
bearing relative to the x-axis 203, the y-axis 205, and the
z-axis 207 of the cylindrical array 100. To account for and
eliminate the ambiguities associated with the one-dimen-
sional and two-dimensional kw approaches described above,
the z component of the wave is explicitly included in the kw
processing.

A method of kw processing explicitly including the z axis
component of a sound source 300 is shown in FIG. 3. The
sensor 101 position relative to the array 100 is calculated
according to Equation 1 as shown in step 301 where:

e 2nm 2 4 osi Zﬂmﬁ_‘_h -1
r,,m_pcos(v)x p51n(7]y (m

where ?Z,m is a position vector for the element position;

L,m are sensor positions labeled according to layer, 1 and
circular position, m;

M is the number of sensors per layer;

L is the number of layers;

h is the height of the array;

p is the radius of the array; and

_ 0.5]2 Equation 1

— —> — . . .

X, yV,and z areunit vectors in the X, y and z coordinates.

A time based Fourier transform is then performed on time
samples of each sensor identified by layer 1 and circular
position m according to Equation 2 as shown in step 303:

1Nt ) Equation 2
Pun(@) = 5 D ima™
7=0

where

Xl,m,n:p(?l,m,nﬁ nAt), pressure as function of position and
sampled time

w is radian frequency (w=2nf, where f is Hertz fre-
uency);
j=vV-T; and

At is the sampling period.

The ko spectral amplitudes are calculated by performing
another Fourier transform on the time samples calculated in
Equation 2. A three-dimensional spatial Fourier transform is
performed, based in part on the position vector calculated in
Equation 1 as shown in step 305. The three-dimensional
spatial Fourier transform is performed according to Equation
3.

Equation 3

B(; w)= ﬁz Z Plvm(w)e’j(;?lvm)
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where

B(f,w) is the wavenumber-frequency spectral amplitude;
and

¥ is the wavevector (spatial radian frequency vector).

The resulting three-dimensional kw spectra may be post-
processed as shown in step 307. Post processing may include
algorithms on the data itself, or simply convert the data into
an image to aid in data interpretation and analysis. Images
may be 2D or 3D. 3D images may include transparency
options to allow probing the 3D volume of wavenumber
space. As an example, an image showing “hotspots” in 3D
wavenumber space indicates the x, y and z components of
the wavevector for the given analysis frequency.

Referring now to FIG. 4a-4c, a graphical representation of
the results of 3D cylindrical kw processing according to an
embodiment of the present invention is shown. Here a
simulated test plane wave signal at 1500 Hz is assigned a
particular direction of propagation, and the wave is directed
toward a cylindrical sonar array in a simulated water
medium with sound speed ¢. The kw analysis shown is for
this 1500 Hz frequency. In the 3D kw volume, a single
hotspot representing this wave should appear in a 3D image
of the magnitude of the frequency-wavenumber spectrum.
Also, this hotspot should lie on the surface of an “acoustic
sphere” which, for freely propagating waves defines k,, k,
and k_ components supported by the medium. The acoustic
sphere defines valid wavenumber components for all pos-
sible directions of wave propagation; for a single wave
freely traveling in a particular direction, the k,, k, and k, are
unique. FIG. 4a depicts a slice of the 3D ko spectrum in the
y and z dimensions with k, fixed. Similarly, FIG. 44 is a slice
of the 3D kw spectrum in the x and z dimensions for fixed
k,. FIG. 4c is a slice of the 3D ko spectrum the x and y
dimensions for fixed k_; this slice in x and y is identical to
the 2D circular ko spectrum result.

Hotspots are seen at each of the 2D plots (4a, 45, and 4c¢).
These hotspots lie on acoustic circles 401, 403 and 405,
which depict wavenumber components which are valid for
freely propagating plane waves. (The acoustic circles are
slices through the surface of the 3D acoustical sphere which
appears in 3D space.) The three distinct hotspots in the three
2D plots are in fact the same single hotspot that appears in
3D space and it can be inferred that this hotspot intersects
the surface of the acoustic sphere, as expected for this
propagating wave simulation. The distinct k,, k,, and k,
values associated with this hotspot are clearly identified in
these 2D plots. These values agree with the k,, k,, and k,
components of the simulated wave, and therefore the com-
plete 3D characteristics of the simulated wave have been
accurately identified. The result is an unambiguous detection
of the test wave in all three dimensions.

The relationship between wavenumber and frequency
may also be used to determine the propagation speed of the
medium in the vicinity of the array. Additionally, sound
speed for self-noise sources which often travel and subsonic
sound speeds (i.e. less than the speed of sound) can be
assessed. One embodiment of the present invention provides
comprehensive information relating to the wavenumber
properties of a detected wave, thereby allowing for precise
determination of propagation speed. Knowing the sound
speed is useful for several reasons. For example, knowing
the sound speed of the medium allows optimal time delays
(or phase shifts) to be derived for beamformers. By knowing
the acoustic signature and propagation characteristics of a
sound source, it is easier to identify noise source problems
such as self noise. FIG. 5 is an exemplary architecture for
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implementing the processing according to embodiments of
the present invention. Sonar array 100 provides for three
dimensional sensor data in communication with transceiver
501 via communication path 509 and with beamformer 507
via path 511. Transceiver 501 includes one or more proces-
sors 503 in communication with memory or data storage 505
and configured to: receive data from each of the plurality of
sensors; compute a position vector for each of the plurality
of sensors based on a coordinate position of each sensor in
three dimensions with respect to the geometric surface area;
compute a time Fourier transform on time samples received
from each sensor; compute a spatial Fourier transform based
in part on the calculated position vectors; and output the
results of the spatial Fourier transform.

By way of example, the processor may be further con-
figured to determine propagation speed as follows: because
kw involves temporal fourier transform, the frequency f (Hz)
which is associated with the k,, k., and k, components are
known. The wavenumber for plane waves may be computed
using k=Vk,“+k “+k *. The sound speed may then be com-
puted using

(2]
C—z.

For broadband signals, the hotspot may appear as a streak in
an imaged display of o versus k. The global, or local, slope
of this streak can be used to infer the sound speed. For
example, under local conditions (e.g. determining w over a
small range of frequencies) determination of the slope can
aid in determining whether the sound speed is relatively
constant or varying. Assessment over a large (global) or
narrow (local) bandwidth may further contribute to target
detection and/or analysis and detection of certain propaga-
tion paths and environmental conditions.

While the foregoing invention has been described with
reference to the above-described embodiments, various
modifications and changes can be made without departing
from the spirit of the invention. Accordingly, all such
modifications and changes are considered to be within the
scope of the appended claim.

What is claimed is:

1. A method of computing wavenumber-frequency spectra
comprising:

computing in a sonar array processor, a position vector for

each sensor in a three-dimensional array of sensors,
each position vector representative of a coordinate
position of a corresponding sensor on a geometric
surface defined by the three-dimensional array of sen-
sors, in three orthogonal directions;

computing in the sonar array processor, a time Fourier

transform on data from each said sensor in the array of
sensors;

computing, in the sonar array processor, a spatial Fourier

transform based in part on each computed position
vector; and

outputting by the sonar array processor, results of said

spatial Fourier transform, which is indicative of three-
dimensional signal data received by said three-dimen-
sional array of sensors,

wherein each position vector is computed according to:

71,,,1 = pcos(%rvm)} + psin(znvm); + h(% - 0.5)2
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where

— —> —> . . .
X, Yy, Z are unit vectors in the x,y,z coordinates;
I,m are sensor position labeled corresponding to a layer
1, and a circular position m;
M is a number of elements per layer;
L is a number of layers;
h is the array height; and
p is the radius of the array.
2. The method of claim 1, wherein said three-dimensional
sensor array is configured as a cylindrical array.
3. The method of claim 1 wherein said time Fourier
transform on the data from each sensor is computed accord-
ing to:

=

jenAt

Pip(w) = v E X @A
=0

where

I,m are sensor position labeled corresponding to a layer 1,
and a circular position m;

n is a sample number, corresponding to time samples
output by the sensors;

IAE

 is radian frequency;

N is the number of time samples to be analyzed; and

At is a sampling period.

4. The method of claim 1 wherein said spatial Fourier

transform is computed according to:

-1 M-1

R Y

=0 m=0

where

I,m are sensor position labeled corresponding to a layer 1,
and a circular position m;

M is a number of elements per layer;

L is a number of layers;

 is radian frequency;

¥ is a wavevector (spatial radian frequency vector); and

B(f, ) is wavenumber-frequency spectral amplitude.

5. A three-dimensional sensor array for receiving wave

energy data comprising:

a plurality of sensors, wherein a position of each said
sensor with respect to a geometric surface defined by
said sensor array defines a sensor coordinate position in
three orthogonal dimensions;

a sensor array processor coupled to said sensor array, said
processor configured to receive said sensor coordinate
position and wave energy data from each sensor in said
plurality of sensors, said processor further configured
to compute a position vector for each sensor in the
plurality of sensors based on each sensor’s coordinate
position, and compute spatial wavenumber frequency
spectra based at least in part on the computed position
vectors, wherein said position vectors are computed
according to:

N
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where

?, ?, Z are unit vectors in the x,y,Z coordinates;
I,m are sensor position labeled corresponding to a layer
1, and a circular position m;
M is a number of elements per layer;
L is a number of layers;
h is the array height; and
p is the radius of the array.
6. The sensor array of claim 5, wherein said sensor array
is configured as a cylindrical sonar array.
7. The sensor array of claim 5, wherein computing wave-
number frequency spectra further comprises:
receiving at the sensor array processor, the sensor coor-
dinate positions for each sensor in the sensor array and
computing a position vector for each sensor;
performing a time Fourier transform on data from each
sensor; and
performing a spatial Fourier transform based at least in
part on the position vector of each sensor of the
plurality of sensors.
8. The sensor array of claim 7, wherein performing a time
Fourier transform on the data is according to:

N-1

1 .
Pinf@) = = > Mm@
n=0

where

I,m are sensor position labeled corresponding to a layer 1,
and a circular position m;

n is a sample number, corresponding to time samples
output by the sensors;

=-T

o is radian frequency;

N is the number of time samples to be analyzed; and

At is a sampling period.

9. The sensor array of claim 7, wherein performing a

spatial Fourier transform is according to:

-1 M-1

B(;, w) — ﬁz Z Pl,m(w)eij(;.;)l'm);

=0 m=0

where

I,m are sensor position labeled corresponding to a layer 1,
and a circular position m;

M is a number of elements per layer;

L is a number of layers;

o is radian frequency;

K is a wavevector (spatial radian frequency vector); and

B(f, ) is wavenumber-frequency spectral amplitude.
10. A method of identifying sound sources in a three-
dimensional sonar array comprising:

receiving an unidentified sound source signal via at least
one of a plurality of sensors disposed on a surface
defined by said three-dimensional sonar array;

defining a corresponding position vector for each sensor
of said plurality of sensors based on a coordinate
position of each sensor in three dimensions;

performing a time Fourier transform on time samples
received at each of said plurality of sensors;



US 9,453,900 B2

9

performing a spatial Fourier transform based at least in
part on the position vector of each of said plurality of
sensors;

analyzing the wavenumber and frequency of said uniden-
tified sound source signal to determine an acoustic
signature associated with said unidentified sound; and

identifying said sound source based on said acoustic
signature wherein each position vector is computed
according to:

?l,m = pcos(ZRWm)} +psin(%); + h(% - 0.5)2

where

— —> —> . . .

X, Yy, Z are unit vectors in the x,y,z coordinates;

I,m are sensor position labeled corresponding to a layer
1, and a circular position m;

M is a number of elements per layer;

L is a number of layers;

h is the array height; and

p is the radius of the array.

11. The method of claim 10, wherein determining said
acoustic signature comprises determining a speed of propa-
gation of said sound source.

12. The method of claim 10, wherein said unidentified
sound source is self noise.

13. A sonar array for providing three dimensional sensor
data comprising:

a plurality of sensors disposed on a surface of said three
dimensional sonar array, said surface defining a geo-
metric surface area;

a processor configured to:
receive data from each of said plurality of sensors;
compute a position vector for each sensor of said

plurality of sensors based on a coordinate position of
each corresponding sensor in three dimensions with
respect to said geometric surface area according to:

_ (27rm)_,+ ‘n(an)q_‘_h(l—l 05]4_
Fim = peos| —= ¥+ psin| —= |3 )

where

X, Yy, Z are unit vectors in the x,y,z coordinates;

Lm are sensor position labeled corresponding to a
layer 1, and a circular position m;
M is a number of elements per layer;
L is a number of layers;
h is the array height; and
p is the radius of the array;
compute a time Fourier transform on time samples
received from each sensor;
compute a spatial Fourier transform based in part on
said computed position vectors; and
output the results of said spatial Fourier transform,
which is indicative of the sensor data.
14. The sonar array of claim 13, wherein said geometric
surface area is cylindrical.
15. The sonar array of claim 13, where said time Fourier
transform is computed according to:

N-1

1 )
Pin@) = 5 D Bmn "™
n=0
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where

I,m are sensor position labeled corresponding to a layer 1,
and a circular position m;

n is a sample number, corresponding to time samples
output by the sensors;

=T

o is radian frequency;

N is the number of time samples to be analyzed; and

At is a sampling period.

16. The sonar array of claim 13, wherein said spatial

Fourier transform is computed according to:

-1 M-1

B(;, w) = ﬁz Z Pl,m(w)efj(;jl,m);

=0 m=0

where

I,m are sensor position labeled corresponding to a layer 1,
and a circular position m;

M is a number of elements per layer;

L is a number of layers;

o is radian frequency;

K is a wavevector (spatial radian frequency vector); and

B(K, w) is wavenumber-frequency spectral amplitude.

17. A three-dimensional sensor array for receiving wave

energy data comprising:

a plurality of sensors, wherein a position of each said
sensor with respect to a geometric surface defined by
said sensor array defines a sensor coordinate position in
three orthogonal dimensions;

a sensor array processor coupled to said sensor array said
processor configured to receive said sensor coordinate
position and wave energy data from each sensor in said
plurality of sensors, said processor further configured
to compute a position vector for each sensor in the
plurality of sensors based on each sensor’s coordinate
position, and compute spatial wavenumber frequency
spectra based at least in part on the computed position
vectors, according to:

-1 M-1

Bl o) = ﬁ Zzpl,m(w)efj(m,,m);

=0 m=0

where

I,m are sensor position labeled corresponding to a layer
1, and a circular position m;

M is a number of elements per layer;

L is a number of layers;

 is radian frequency;

K is a wavevector (spatial radian frequency vector);
and

B(T{’, ) is wavenumber-frequencly spectral amplitude.
18. A method of identifying sound sources in a three-
dimensional sonar array comprising:
receiving an unidentified sound source signal via at least
one of a plurality of sensors disposed on a surface
defined by said three-dimensional sonar array;
defining a corresponding position vector for each sensor
of said plurality of sensors based on a coordinate
position of each sensor in three dimensions;
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performing a time Fourier transform on time samples
received at each of said plurality of sensors according
to:

1 N-1
jeonAl
Pin(w) = ﬁz Kiman @l
n=0

where 10
I,m are sensor position labeled corresponding to a layer
1, and a circular position m;
n is a sample number, corresponding to time samples
output by the sensors;
=Y/, 15
 is radian frequency;
N is the number of time samples to be analyzed; and
At is a sampling period;
performing a spatial Fourier transform based at least in
part on the position vector of each of said plurality of 20
sensors;
analyzing the wavenumber and frequency of said uniden-
tified sound source signal to determine an acoustic
signature associated with said unidentified sound; and
identifying said sound source based on said acoustic 25
signature.
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